Background-Endothelin (ET)-1 is a potent vasoconstrictor that contributes to vascular remodeling in hypertension and other cardiovascular diseases. Endogenous ET-1 is produced predominantly by vascular endothelial cells. To directly test the role of endothelium-derived ET-1 in cardiovascular pathophysiology, we specifically targeted expression of the human preproET-1 gene to the endothelium by using the Tie-2 promoter in C57BL/6 mice. Methods and Results-Ten-week-old male C57BL/6 transgenic (TG) and nontransgenic (wild type; WT) littermates were studied. TG mice exhibited 3-fold higher vascular tissue ET-1 mRNA and 7-fold higher ET-1 plasma levels than did WT mice but no significant elevation in blood pressure. Despite the absence of significant blood pressure elevation, TG mice exhibited marked hypertrophic remodeling and oxidant excess-dependent endothelial dysfunction of resistance vessels, altered ET-1 and ET-3 vascular responses, and significant increases in ET B expression compared with WT littermates. Moreover, TG mice generated significantly higher oxidative stress, possibly through increased activity and expression of vascular NAD(P)H oxidase than did their WT counterparts. Conclusions-In this new murine model of endothelium-restricted human preproET-1 overexpression, ET-1 caused structural remodeling and endothelial dysfunction of resistance vessels, consistent with a direct nonhemodynamic effect of ET-1 on the vasculature, at least in part through the activation of vascular NAD(P)H oxidase.
V ascular remodeling plays an important role in the pathophysiology of hypertension and cardiovascular disease, and endothelin (ET)-1 may be involved in this process. 1 ET-1, a potent vasoconstrictor produced primarily by the endothelium of blood vessels, 2 can act in either a paracrine or an autocrine manner 3 via ET type A (ET A ) or ET type B (ET B ) receptors on adjacent endothelial and smooth muscle cells, which are coupled to an array of signaling pathways. 4 The role of ET-1 in hypertension was initially observed in models of experimental hypertension, such as the deoxycorticosterone acetate (DOCA)-salt hypertensive, Dahl salt-sensitive, and stroke-prone spontaneously hypertensive rat strains, in which ET-1 induced vascular hypertrophy and blood pressure (BP) elevation. 1, 5 More recently, generation of specific knockouts of the different components of the ET-1 system 6 -11 and human ET-1 transgenic (TG) models 12, 13 have confirmed the importance of ET-1 in vascular disease. Collectively, these data have strongly suggested that activation of vascular ET-1 is associated with growth and proinflammatory effects and the remodeling of resistance arteries 14, 15 through several mechanisms, including increased oxidative stress. 16, 17 Several types of vascular remodeling exist, 18 which may be associated with media growth (hypertrophic remodeling) or devoid of media growth (eutrophic remodeling), 19 and depend on changes in the expression of properties of adhesion molecules or a combination of inward growth and outer apoptosis, leading to a decrease in the outer and inner diameters of vessels. 20 We previously suggested that experimental models of hypertension that exhibit hypertrophic remodeling involve the participation of ET-1 in the growth process. 1, 5, 14, 15, 21 In addition, it has been suggested that ET-1 is implicated in the development of vascular changes through the generation of reactive oxygen species (ROS) through NAD(P)H oxidase activation. 17, 22, 23 However, in existing models of hypertension, the expression of ET-1 is associated with other mechanisms that are activated, and the direct cellular effects of ET-1 cannot be distinguished from those of these other agents. Thus, the primary role of ET-1 produced by the endothelium remains to be elucidated. To address this question, we generated TG mice overexpressing human preproET-1 specifically in blood vessel endothelium by using the endothelium-specific promoter Tie-2. 24 Using this new TG model, we have investigated the role of endotheliumgenerated ET-1 on the endothelial function and vascular structure of small resistance arteries.
Methods

Endothelium Targeting of Human PreproET-1 Gene
To target overexpression of ET-1 to the mouse endothelium, a TG was constructed by inserting the human preproET-1 coding sequence cDNA 25 into the endothelium-specific Tie-2 promoter/enhancer (plasmid pSPTg.T2FpAXK, a generous gift from Dr Tom Sato, University of Texas Southwestern Medical Center, Dallas). A portion of the mouse ␤-globin gene was incorporated into the TG immediately downstream of the ET-1 cDNA to provide an intron and a polyadenylation signal ( Figure 1A ). This promoter/enhancer combination has been shown to drive endothelium-specific expression of genes in TG mice. 24 Hybrid C3HϫC57BL/6 mouse embryos were microinjected with the plasmid according to standard protocols, and all subsequent breeding was carried out in the C57BL/6 line (Harlan Sprague-Dawley, Chicago, Ill). After microinjection, 72 live births were obtained, and from these births we obtained 4 lines but only 3 survived. Studies were confirmed by a second TG line to exclude possible genomic insertional effects of the TG. Genomic integration of the TG was confirmed on 3-week-old pup tail biopsy samples by polymerase chain reaction (PCR) with oligonucleotides specific for the TG (forward primer, 5Ј-AACACACTATTGCAATGAA-3Ј and reverse primer, 5Ј-ATGGATTATTTGCTCATGATT-3Ј). All animal protocols were conducted according to recommendations from the Animal Care Committee of the Clinical Research Institute of Montreal and the Canadian Council of Animal Care.
Tissue Pattern of TG Expression
TG expression was confirmed by RNase protection assay (RPA) on total RNA for the TG and histone H4 (an internal control). 26 Labeled RNA probes were prepared from nucleotides 906 to 1763 of TG cDNA. For RPA, the Promega Riboprobe Gemini system (Promega) was used according to the manufacturer's protocol. In brief, 10 g total lung RNA isolated by the guanidinium thiocyanate-phenolchloroform method was hybridized with a labeled RNA probe for the TG. Protected fragments fractionated on polyacrylamide-urea denaturing gels were then exposed to x-ray film. The protected fragment was 266 nucleotides long.
To confirm endothelial expression, aortas from TG mice were cut into 2 pieces, and the endothelium in the upper portion was gently removed with a stainless steel cannula, as described elsewhere with brief modifications. 27 Total RNA was extracted, and reverse transcription (RT)-PCR was carried out as previously described. 28 The sense primer used for TG detection was preproET-1 (5Ј-AAACAGCGTCAAATCATCTT-3Ј), whereas the antisense primer was that of rabbit ␤-globin (5Ј-AGACAGCACAATAACCAGCAC-3Ј). The presence of endothelium was confirmed by murine von Willebrand factor (vWF), an endothelium-specific marker (sense primer, 5Ј-GCGATTCCCACTCTTCC-3Ј and antisense primer, 5Ј-TTGACGAGGCAGGGGTTC-3Ј). In addition, the sense primer for ribosomal protein S16, an internal control, was 5Ј-AGGAGCGATTTGCTGGTGTGG-3Ј, and the antisense primer was 5Ј-GCTACCAGGGCCTTTGAGATG-3Ј. The migration of each PCR product (148 bp, preproET-1-␤-globin; 70 bp, vWF; 103 bp, S16) was detected on a 1.5% agarose gel and revealed after ethidium bromide staining. To further confirm endothelial expression of the TG, in situ hybridization was carried out as previously described. 29
Quantification of ET-1, ET A , and ET B mRNA Expression
PreproET-1 mRNA levels were determined by quantitative PCR (qPCR). Primers for preproET-1 (human and murine) were sense, 5Ј-GCTGGTGGAGGGAAGAAAAC-3Ј and antisense, 5Ј-CACCA-CGGGGCTCTGTAGTC-3Ј; for murine ET A , sense, 5Ј-TGTCTGC-TTCCGAGGAGC-3Ј and antisense, 5Ј-GTGCCCAGAAAGTTGA-TC-3Ј; and for murine ET B , sense, 5Ј-TAGGGCAGTTGACAACCT-3Ј and antisense, 5Ј-TCCTGTGAGAGTCTGGTAG-3Ј. qPCR for S16 was conducted as previously described. 28 Results are expressed as a ratio (relative quantities) between the gene of interest and S16. 28
Immunohistochemistry
Immunohistochemistry was performed on aortas and mesenteric arteries as previously described. 30 In brief, paraffin-embedded, 5-m sections were incubated with ET-1 antibody (1:100, Peninsula Laboratories) and then with a secondary conjugated IgG antibody (ABC kit, Vector Laboratories). The signal was revealed with 3,3Ј-diaminobenzidine (Sigma), and sections were counterstained with hematoxylin. The negative controls were incubated with nonimmune rabbit IgG instead of the primary antibody.
Physiological Studies
Ten-week-old male TG and wild-type (WT) mice were surgically implanted with telemetric transmitters (TA11PA-C20, Data Sciences International), and systolic BP (SBP), diastolic BP (DBP), mean BP (MBP), and heart rate (HR) were measured as described elsewhere. 31 Animals were allowed to recover for 7 days after surgery before baseline BP and HR data were collected. Hourly averages of 10-second samples obtained every 5 minutes were used to obtain values. Animals were then weighed and humanely killed; their hearts and kidneys were removed and weighed; and tibia length was measured. 32 Aortas and mesenteric arteries were removed and fixed for histology or used for functional studies. Plasma ET-1 concentration was determined by an ELISA that detected specifically cleaved ET-1 (R&D Systems Inc).
Functional and Mechanical Studies
Second-order branches of the mesenteric arterial tree were dissected and placed in cold physiological salt solution (PSS) containing (in mmol/L) NaCl 120, NaHCO 3 25, KCl 4.7, KH 2 PO 4 1.18, MgSO 4 1.18, CaCl 2 2.5, EDTA 0.026, and glucose 5.5. Vessels were mounted on a pressurized myograph as previously described. 28 Vessels were equilibrated (1 hour with PSS, bubbled with 95% air-5% CO 2 , pH 7.4) at 37°C. Endothelium-dependent and -independent relaxations were assessed by measuring the dilatory responses to cumulative doses of acetylcholine (Ach, 10 Ϫ9 to 10 Ϫ4 mol/L) and sodium nitroprusside (10 Ϫ8 to 10 Ϫ4 mol/L), respectively, in vessels precontracted with norepinephrine (5ϫ10 Ϫ5 mol/L). Contractile responses were assessed by extraluminal perfusion with exogenous ET-1 (10 Ϫ11 to 10 Ϫ6 mol/L, Peninsula Laboratories) and norepinephrine (10 Ϫ8 to 10 Ϫ5 mol/L, Sigma). Vessels were assessed with and without endothelium denudation 33 in response to ET-1 and ET-3.
Physiological Parameters of Animals and Morphological Characteristics of Vessels
To evaluate nitric oxide (NO) bioavailability, in a different set of experiments the dose-response curve to Ach was determined before and after a 30-minute preincubation with the NO synthase inhibitor N -nitro-L-arginine methyl ester (L-NAME, 100 mol/L, Sigma). To assess production of ROS, Ach administration was repeated in the presence of the antioxidants vitamin C and Tiron (100 mol/L and 100 mmol/L, respectively; 30-minute preincubations; Sigma). To evaluate whether oxidative stress could influence NO bioavailability, dose-response curves to Ach were repeated with simultaneous administration of L-NAME and vitamin C. To determine a possible source of ROS, dose-response curves to Ach were determined in the presence of apocynin, an NAD(P)H oxidase inhibitor.
Vessels were deactivated by perfusion with Ca 2ϩ -free PSS containing 10 mmol/L EGTA for 30 minutes. Lumen and media were measured with intraluminal pressure at 45 mm Hg, and medial cross-sectional area (CSA) was evaluated as previously described. 28 The growth and remodeling indexes were calculated as described elsewhere. 34 Aortic media, lumen, and medial CSA measurements were quantified with the Northern Eclipse program (EMPIX Imaging Inc).
Measurement of NAD(P)H Oxidase Activity
Vascular NAD(P)H oxidase activity was measured by chemiluminescence with lucigenin and NADPH. 35 
Western Blot Analysis
Aortic protein was extracted from frozen tissue 36 and separated by electrophoresis on polyacrylamide gels; transferred onto nitrocellulose membranes; and incubated with specific antibodies to ET A , ET B (Abcam), or gp91 phox (a gift from Dr Mark T. Quinn, Montana State University, Bozeman). Signals were revealed with chemiluminescence and visualized by autoradiography. Membranes were subsequently stripped (Pierce Biotechnology) and reprobed with ␤-actin (Sigma) to verify equal loading. Optical density of the bands was quantified by AlphaEase software (Alpha Innotech Corp), normalized to that of ␤-actin, and expressed in arbitrary units.
Data Analysis
Results are presented as meanϮSEM. Comparisons between groups were made by unpaired t test, ANOVA, or repeated-measures ANOVA, where appropriate. The area under the curve (AUC) was calculated for dose-response curves with GraphPad software. A value of PϽ0.05 was considered statistically significant.
Results
TG Expression
RPA with lung tissue (rich in endothelial cells) demonstrated expression of the human preproET-1-coding TG under Tie-2 promoter control in TG but not in WT mice ( Figure 1B) . RT-PCR showed TG expression to be specifically targeted to the endothelium, because both the TG and vWF were virtually absent in denuded aortas but were present in aortas with intact endothelium ( Figure 1C ). These findings were confirmed in lung tissues by in situ hybridization ( Figure 1D ).
PreproET-1 mRNA Quantification and ET-1 Localization
A 3-fold increase in aortic preproET-1 mRNA in TG mice compared with WT littermates was demonstrated by qPCR (0.76Ϯ0.04 versus 0.26Ϯ0.11, PϽ0.01, nϭ6). In TG mice, vascular ET-1 immunostaining was noted in the endothelium compared with WT mice (Figure 2 ).
Physiological Parameters
TG mice exhibited a 7-fold increase in plasma ET-1 levels compared with WT littermates (Table) . These data, taken together with the tissue preproET-1 mRNA and ET-1 expression findings, suggest that in these TG mice, there was constitutive secretion of ET-1.
Although TG mice had a slightly lower body weight but no change in tibia length, and kidney and heart weights were comparable to those of WT littermates, no significant differences were observed in either heart weight-tibia length or kidney weight-tibia length ratios, indicating the absence of hypertrophy in these organs (Table) . In addition, no significant differences in HR between groups were detected (not shown). TG mice showed a trend toward a slight elevation in SBP, DBP, and MBP throughout the 24-hour daily cycle compared with WT littermates. However, these differences were small, and although they were constant throughout the 24-hour daily cycle, they did not reach statistical significance (Figure 3 ).
Morphology of Conduit and Resistance Vessels
TG mice exhibited increased media thickness of mesenteric resistance arteries (Table) with a significantly increased medialumen ratio and medial CSA (Table) and a growth index of 34% compared with age-matched WT animals. However, no differences in aortic medial CSA and media-lumen ratio were observed between WT and TG mice (Table) .
Endothelial Function of Resistance Arteries
Vasodilation of resistance arteries was significantly attenuated in TG mice compared with WT mice (Figure 4A ; AUC, 293.2Ϯ21.1 versus 244.2Ϯ17.5, respectively; PϽ0.05), whereas endothelium-independent relaxation by sodium ni-troprusside was similar in both groups (not shown). Although no difference in contractile responses to norepinephrine was observed (not shown), TG mice exhibited blunted vasoconstrictor responses to ET-1 compared with WT mice ( Figure  4B ; AUC, 134.0Ϯ30.9 versus 51.2Ϯ12.8, respectively; PϽ0.01) and an increased response to ET-3 in vessels with an intact endothelium (AUC, 114.0Ϯ29.7 versus 186.2Ϯ58.7, respectively; PϽ0.05). When the endothelium was removed, ET-3 vasoconstrictor responses were similar between TG and WT mice (not shown).
To elucidate potential mechanisms underlying the ET-1 and ET-3 altered responses in TG mice, we evaluated vascular ET A and ET B receptor mRNA and protein levels. No differences were observed in ET A mRNA and protein levels between groups (not shown). However, there was a significant (PϽ0.05) increase in ET B mRNA and protein levels ( Figure 4C and 4D) in TG mice.
Role of ROS in Endothelial Dysfunction
In TG mice, the inhibitory effect of L-NAME on Ach (AUC Ach, 244.2Ϯ17.5; with L-NAME, 174.1Ϯ31.0; inhibition of 27.4Ϯ10.7) was significantly lower, as indicated by a higher AUC, than in WT mice (AUC Ach, 311.9Ϯ12.8; with L-NAME, 130.2Ϯ19.0; inhibition of 50.3Ϯ6.9; Figure 5 ). In TG mice, vitamin C restored responses to Ach (AUC, 276.3Ϯ30.3) and the inhibitory effects of L-NAME (195.7Ϯ37.6; inhibition, 21.7Ϯ15.1; Figure 5B and 5C). In WT littermates, the antioxidant failed to modify the effect of Ach (AUC, 292.1Ϯ21.3) or its inhibition by L-NAME (AUC, 118.5Ϯ12.2; inhibition, 58.9Ϯ4.4; Figure 5B and 5C). In the presence of vitamin C, relaxation by Ach and inhibition by L-NAME were not different in TG and WT mice (AUC, 118.5Ϯ12.2 versus 163.0Ϯ43.8, respectively; Figure 5C ). Similar results were obtained with Tiron (not shown). Moreover, in TG mice, apocynin restored responses to Ach similar to those observed in WT animals (AUC, 304.4Ϯ9.1 versus 350.8Ϯ26.1, respectively). NAD(P)H oxidase activity in TG mice was significantly increased (PϽ0.05) in both mesenteric ( Figure 6A ) and aortic vessels (not shown) compared with that in the WT counterparts. gp91 phox , a subunit of NAD(P)H oxidase, was also significantly increased in TG mice ( Figure 6B ).
Discussion
ET-1 plays a major role in abnormal vascular function and remodeling of resistance arteries in cardiovascular disease. However, to date there have been no experimental models in which the source of ET-1 overproduction originated uniquely from the endothelium and not from adjacent smooth muscle cells or other tissues.
Contrary to previous human preproET-1 TG animals in which the human preproET-1 gene was placed under the control of the murine preproET-1 promoter, 13, 14 we successfully targeted the TG containing the human preproET-1 specifically to the endothelium by using promoter/enhancer regions of the endothelium-specific tyrosine kinase receptor Tie-2. The present study provides the first unambiguous in vivo demonstration that endothelium-restricted ET-1 overexpression leads to altered vascular structure and function in the absence of a significant elevation of BP. The importance of these findings is that we may distinguish unequivocally between BP-dependent and -independent effects of endothelium-generated ET-1 on vascular remodeling and endothelial function in resistance vessels. We observed no deleterious end-organ damage attributable to BP elevation, as demonstrated by the absence of cardiac hypertrophy. This agrees with the absence of cardiac hypertrophy despite the development of ET-1-dependent cardiac fibrosis in other experimental models of hypertension, in which ET-1 production was elevated in the vasculature. 37 It may appear surprising that although DOCA-salt 15, 16 and Dahl salt-sensitive rats, 21 which overexpress vascular ET-1, have elevated BP that can be lowered by ET antagonists, BP was not significantly elevated in our TG model overexpressing ET-1. BP elevation is the result of complex interactions between different factors that include ET-1 and kidney damage, the sympathetic system, and vasopressin activation in these models, 5, 6 which may not be present in ET-1 TG mice. In these models, the overexpression of ET-1 is not restricted to the endothelium, in contrast to the present TG model. Thus, although ET-1 may induce vascular damage, by itself this may not significantly raise BP. There was a very small but not statistically significant difference in SBP, DBP, and MBP throughout the 24 hours of telemetrically recorded BP. This inability to induce a hypertensive effect has also been shown by an absence of BP elevation after ET-1 infusion 38 but may change in other experimental paradigms, such as after salt loading. Other peptides such as angiotensin II may not only induce vascular remodeling and endothelial dysfunction 17, 20 but also trigger complex renal and sympathetic nervous system responses of sufficient magnitude that, together with vascular damage, result in hypertension. Despite the lack of a significant effect on BP, enhanced endothelial ET-1 in TG mice had the ability to directly induce significant hypertrophic remodeling in resistance vessels, as demonstrated by an increased media-lumen ratio and medial CSA and a growth index of 34% in resistance arteries that cannot be explained by hemodynamic factors. TG mice exhibited altered vascular responses to ET-1 and ET-3, which were normalized in endothelium-denuded vessels. These events, together with the increased ET B expression, may be responsible for the altered vascular responses to ET-1 and ET-3.
TG mice exhibited impaired endothelium-dependent relaxation, which may be attributed to antagonism between the overexpressed endothelial human ET-1 and endotheliumderived NO. 39 To investigate possible mechanisms responsible for endothelial dysfunction, NO bioavailability and oxidative stress were assessed by using the NOS inhibitor L-NAME and the antioxidants vitamin C and Tiron. In WT mice, vasodilation to Ach was significantly reduced by L-NAME. Vitamin C and Tiron failed to modify the response to Ach or the inhibitory effect of L-NAME, indicating that, as expected under normal conditions, NO bioavailability was preserved and oxidant excess was absent. In TG animals the inhibitory effect of L-NAME on Ach, though present, was reduced compared with that in WT, suggesting reduced NO availability. Antioxidants improved relaxation to Ach, indicating the participation of ROS in endothelial dysfunction in these mice, and restored the inhibitory effects of L-NAME, as NO bioavailability was increased by the antioxidant. Thus, in TG mice overexpressing human ET-1, reduced NO resulted from increased ROS production, which agrees with previous studies proposing a role for ROS in the mechanisms responsible for ET-1-induced endothelial dysfunction. 40, 41 A possible source of the increased ROS generation in TG mice could be the enzyme NAD(P)H oxidase. 17, 22, 42 This concept is supported by the increase in vascular NAD(P)H oxidase activity and gp91 phox subunit expression, as well as the relaxation restored by Ach after pretreatment with apocynin in TG mice. ET-1 is known to be preferentially secreted abluminally. 3 In the present model, ET-1 overexpressed only in the endothelium may be secreted toward underlying smooth muscle cells to induce growth and extracellular matrix deposition, resulting in structural remodeling of small arteries. In the endothelium, where the TG was overexpressed and ET-1 concentration was presumably highest, it will result in increased formation of ROS 28 and decreased bioavailability of NO and endothelial dysfunction. 43
Conclusion
We have demonstrated with a TG approach that endothelium-secreted, human ET-1 induces vascular remodeling and endothelial dysfunction in mice in the absence of significant increases in BP. ET-1 may induce resistance-artery remodeling directly, as we previously suggested on the basis of less compelling data. 1, 15 These results underscore the importance of pursuing attempts to develop agents that can be used in humans to block the ET system to reduce the complications of high BP and the burden of cardiovascular disease. 
